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Introduction
At 17 fig. 1 ). This earthquake was the largest on the eastern seaboard since the M w =5.9 event of 1897 and the largest on the east coast since the Charleston, SC, M w =6.9 earthquake of 1886. The August 23, 2011 earthquake occurred within the Central Virginia Seismic Zone (CVSZ; fig. 2 ), one of two areas of frequent seismicity in Virginia. No fatalities were reported from the earthquake. Several buildings and residences in the towns of Mineral and Louisa, located within the immediate epicentral area, were considerably damaged. In contrast, the more distant cities of Richmond and Charlottesville sustained little to no damage. This report summarizes the results of a field survey of the earthquake impacts 1 week after the event, and discusses the tectonic and geologic background for this seismic activity. The level of damage observed was comparable to expected results based on groundmotion data and instrumental intensity in the region surrounding Richmond, Charlottesville, Mineral, and Louisa, Va. ( fig. 1 ). Earthquakes in stable continental regions (SCRs) are infrequent but at times can be more damaging than those along plate boundaries. The reasons are twofold: (1) structures and buildings in these regions generally are not built to withstand seismic motions from large earthquakes (Crone and others, 2003) ; and (2) the attenuation of seismic energy from large earthquakes is relatively low in plate interiors (Hanks and Johnston, 1992) , causing these events to be felt over a wide area. The Mineral, Va., earthquake was felt across the Eastern United States and caused noticeable damage in areas a considerable distance away from the epicenter, such as in Washington, D.C., where stone ornaments on the National Cathedral collapsed. 
Location, Size, and Focal Mechanism
The main shock epicenter was located at latitude 37.936°N., longitude 77.933°W., 8 km southwest of Mineral in Louisa County, Va. (fig. 1) ; the hypocentral depth was 6 km ( fig. 3) 
Historical Background
Most seismicity in the contiguous United States is concentrated in the West, where an active strike-slip boundary exists between the North American and Pacific tectonic plates, including extensional tectonics in the Basin and Range. In contrast, the Eastern United States has much lower seismic activity because the nearest plate boundary lies 3,000 km away at the Mid-Atlantic Ridge. However, distinct zones along the east coast are defined by higher amounts of seismicity. The New Madrid Seismic Zone (NMSZ), for example, is a well-studied region in the Southeastern United States where three highly damaging earthquakes (M w >7.0) occurred from December 1811 to February 1812 ( fig. 2) . The three earthquakes were among the largest ever to strike eastern North America and were followed by hundreds of aftershocks that lasted for decades (Johnston and Schweig, 1996) . Two seismic zones have been identified in Virginia: the Giles County Seismic Zone (GCSZ) and the CVSZ (fig 2) . Several damaging earthquakes have occurred in these zones, including the Mw = 5.6 event of 1897 in the GCSZ, and the Mw=4.8 event of 1875 in the CVSZ. The August 23, 2011, earthquake occurred in the CVSZ near its northeast edge, in an area of moderate seismic hazard ( fig.  2 ). The CVSZ is situated in the Piedmont physiographic province of Virginia between Richmond and Charlottesville. The CVSZ is structurally complex, containing several major shear zones, dikes, plutons, and synforms/antiforms (Earthquake Engineering Research Institute, 2011). Major earthquakes could occur along several faults and shear zones in the CVSZ, such as the Chopawamsic Fault, the Lakeside Fault, and the Spotsylvania Shear Zone ( fig. 1 ).
Geologic Setting Piedmont Province
The east-central United States is divided into five physiographic regions: the Appalachian Plateau province, the Valley and Ridge province, the Blue Ridge province, the Piedmont province, and the Coastal Plain province. In Virginia, the Piedmont province is the largest, consisting of Proterozoic metamorphic rocks overlain by Paleozoic igneous rocks (Hatcher, 2005) .
Tectonic History
The Piedmont province of the east-central United States is the remnant of several tectonic events, beginning with the Grenville Orogeny at 1.2 Ga, when North America and Africa were sutured together. Metamorphosed granite batholiths in the Blue Ridge province are remnants of this orogeny. At ~570 Ma, the opening of the Proto-Atlantic Ocean began, and a divergent continental plate boundary existed until 440 Ma, when the Taconic Orogeny occurred. During this orogeny, a volcanic island arc collided with southwestern Virginia and created a mountain range in the western Piedmont region. The Acadian Orogeny followed in the Devonian at 345 Ma, and a second mountain range in the Piedmont province was uplifted. Finally, during the Alleghenian Orogeny at 310 Ma, Africa collided with North America, forming the Appalachian Mountains of today. At about 190 Ma, convergence ceased, and the Atlantic Ocean began to open along the Mid-Atlantic Ridge (Hatcher, 2005) .
Today, the eastern United States lies in an SCR of the North American tectonic plate. Globally, approximately half of the earthquakes in SCRs occur on reactivated faults that are associated with ancient continental-interior rifts and paleorifted margins (Schulte and Mooney, 2005) . SCR earthquakes in the Eastern United States may occur on either reactivated thrust faults associated with orogenic events or on reactivated extensional faults associated with rifting of the Atlantic Ocean beginning at 190 Ma (Schulte and Mooney, 2005) .
Post-earthquake Damage Assessment
We conducted a field survey of earthquake damage in the epicentral area ( fig. 4 ) 6 days after the August 23, 2011, earthquake. We viewed and photographed damage in the towns of Mineral and Louisa, Va., and collected eyewitness accounts in Mineral, Louisa, Richmond, and Charlottesville. This report focuses on the extent and characteristics of damage to buildings and infrastructure in those towns. 
Mineral, Va.
The town of Mineral, Va., sustained the most damage from the earthquake. Approximately 70 percent of the structures in downtown and rural Mineral were damaged (Louisa County Fire Department, oral commun., August 2011), including the local high school, post office, grocery store, and many residences. All the buildings that sustained damage were constructed of either unreinforced masonry or brick with concrete foundations. After the earthquake, the high school was closed for repairs (Mineral High School superintendent, oral commun., August 2011) . The post office sustained severe damage, losing one of its brick-and-glass façades ( fig. 6 ). Several ceiling panels in the grocery store fell down, and the floor was cracked along its entire length (figs. 7, 8). One residence outside of downtown Mineral was significantly damaged: the foundation was cracked, the chimneys were damaged, and the windows and walls were bowed away from their framework (figs. 9-12). Aftershocks continued to exacerbate the damage for as long as 2 weeks after the main shock. We spoke with several residents in the town of Mineral who pointed out fresh cracks on the walls of their houses that began the day before we arrived (8 days after the earthquake) and continued into the next week. Signs and mailboxes were tilted, and stop-sign poles were displaced by several centimeters along Main Street ( fig. 13 ). 
Louisa, Va.
The town of Louisa, Va., also sustained considerable damage from the earthquake. Rural residences sustained most of the damage, including fallen chimneys, cracked foundations, and deformed brick walls (figs. 14-17). Approximately 60 percent of the buildings in Louisa County were significantly damaged (Louisa County Fire Department, oral commun., August 2011). Overall, the county was assigned a MMI of at least VI (strong), as illustrated by several destroyed or partially destroyed brick chimneys. Residents reported glasses, plates, books, and other items falling off shelves and heavy furniture being moved. Cracks formed in the walls of Louisa County High School, and six students sustained minor injuries there (Louisa County High School superintendent, oral commun., August 2011).
Inspections by local fire departments revealed that approximate 60 homes sustained major to severe damage and 120 homes were mildly to moderately damaged as a result of the earthquake (Louisa County Fire Department, oral commun., August 2011). Total property damage in Louisa County was estimated at over $70 million (Times-Dispatch Staff, 2011). The wall was damaged in the earthquake and can clearly be seen bowing away from the main structure. The wall collapsed completely a few days after this photo was taken.
Charlottesville and Richmond, Va.
Buildings in the cities of Charlottesville and Richmond sustained little to no damage from the earthquake. Most structures in the area are of various construction types, from brick and masonry, through wood frame, to reinforced concrete. Still, none of the structures we visited during our field inspection was visibly damaged. One gas leak was reported in Charlottesville after the earthquake, prompting closure of several streets (Jones, J., Charlottesville Fire Dept., oral commun., August 2011).
Discussion and Conclusion
Earthquakes in the Eastern United States are generally felt over a larger area than those of the same magnitude in the Western United States, owing mainly to lower seismic attenuation in the East (Hanks and Johnston, 1992 ). An M w =5.5 earthquake in the Eastern United States commonly can be felt as far as 500 km from the epicenter and sometimes can cause damage as far away as 40 km (Nuttli, 1973; Boore and Atkinson, 1987) . This widespread effect was clear during the August 23, 2011, earthquake which was felt as far away as Toronto, Ontario, Canada (850 km north of the epicenter) and which caused damage as far away as Washington, D.C. (150 km north of the epicenter).
The level of damage expected from an M w =5.8 event can be inferred from the MMI rating. According to the USGS Community Intensity Map of the August 23, 2011, earthquake, the maximum MMI was VII (very strong; fig. 4 ), at which ground shaking causes difficulty to stand, breakage of furniture, and considerable damage to poorly built or badly designed structures. In addition, some chimneys may collapse, windows may break, and masonry walls may be cracked. These maximum MMIs were felt closest to the epicenter, in the towns of Mineral and Louisa, Va. The earthquake occurred at 6-km depth on a north-northeast-striking plane along a reactivated reverse fault in the CVSZ (Earthquake Engineering Research Institute, 2011) .
Damage corresponding to an MMI of V was sustained in Richmond and Charlottesville, Va., located 35 to 60 km from the epicenter. In some houses, local residents reported that items fell off walls and shelves, and heavy furniture was moved. However, no damage to large structures was reported in either city.
The areas surrounding Charlottesville and Richmond sustained MMIs of V (moderate) to VI (strong). An MMI of V corresponds to a situation in which people are frightened, run outdoors, and walk unsteadily and the damage includes broken windows, dishes, and glassware, books falling off shelves, some heavy furniture moving or being overturned, and plaster cracking and(or) falling off.
The earthquake damage documented by our field work is consistent with MMIs of V though VII. Close to the epicenter, the MMI was VI to VII (strong to very strong): residents reported difficulty in standing, and poorly built structures were destroyed, some chimneys collapsed, and windows and masonry walls were cracked and deformed. The most common types of damage were collapsed chimneys (figs. 10, 11, 14) a classic example of an MMI of VII.
Even as far away as Washington, D.C., 135 km northeast of the epicenter, several buildings sustained structural damage, including the National Cathedral, the Ecuadoran embassy, and the Washington Monument (Achenbach, 2011).
